Background {#Sec1}
==========

Genomic stability is ensured by the DNA-damage response (DDR), a network of pathways that functions to sense, repair and initiate cellular responses to any genotoxic damage incurred. DNA damage occurs regularly in response to both exogenous and endogenous queues, and a lack of, or ineffective, DNA repair might lead to genomic alterations -- point mutations, insertions, deletions, expansions/contractions of repetitive sequences and translocations across the genome -- which can ultimately result in cell-cycle arrest and eventual cell death if they accumulate.^[@CR1]--[@CR3]^ In addition, a failure to maintain genome fidelity in response to DNA damage is a significant contributor to carcinogenesis and underlies the capacity of cancer cells to adapt under selection pressures.^[@CR4]--[@CR6]^

The DDR comprises multiple pathways, each of which recognises and resolves specific types of DNA damage. Such damage includes large nucleotide adducts, which are resolved by nucleotide excision repair; small lesions, resolved by base excision repair;^[@CR7],[@CR8]^ and double-strand breaks (DSBs), resolved by pathways such as non-homologous end-joining (NHEJ) and homologous recombination (HR).^[@CR1],[@CR9],[@CR10]^ The various pathways involved in the DDR have been well studied at the molecular level, resulting in comprehensive mechanistic understanding behind their modes of action. However, a growing body of evidence suggests that RNA plays a significant role in the repair of DNA damage through currently unresolved mechanisms.^[@CR11]--[@CR18]^ The emerging role of transcription, RNA-interacting proteins, RNA-processing enzymes, and RNA itself, in the repair of DNA damage is becoming increasingly apparent,^[@CR19]--[@CR22]^ and understanding the contribution that RNA makes to the DDR will provide a new level of insight into genome maintenance. The concept of RNA-dependent DNA repair (RDDR) has the potential to alter our understanding of, and prospects for, cancer research and therapy, especially considering the recent emergence of RNA therapies.^[@CR23],[@CR24]^ The development of RNA therapeutics is providing a series of novel treatment targets and strategies for a variety of conditions, including cancer.^[@CR25]--[@CR28]^ RDDR has the potential to allow these therapies to augment DNA repair through manipulation of the RNA substrates it relies on, possibly providing novel, sequence-dependent treatment targets. Here we discuss the new, pivotal research in this area and attempt to shed light on the possible mechanisms for the involvement of RNA in the DDR, with a focus on DSB repair due to its clinical significance and the breadth of data available.

The DNA double-stranded break response: an overview {#Sec2}
===================================================

DSBs are the most genotoxic of all forms of DNA damage and have a high propensity for resulting in insertions, deletions, translocations and even copy number variations in the genome, making their efficient repair critical for cell survival and the suppression of carcinogenesis.^[@CR2],[@CR3],[@CR6],[@CR10]^ NHEJ and HR are the two major DSB repair pathways, with NHEJ being a fast, non-specific ligation and HR being a slower, higher fidelity pathway.^[@CR10]^ HR utilises the sister-chromatid as a template for repair and therefore primarily occurs in S- and G2-phase of the cell cycle when the sister-chromatid is available, whereas NHEJ occurs throughout the cell cycle. Both pathways utilise the same signalling propagation cascade to drive the cellular responses to the DSB, initiated by activation of the phosphatidylinositol 3-kinase (PI3K)-like kinases (PIKKs): ataxia telangiectasia mutated (ATM), ataxia telangiectasia and rad3-related (ATR) and DNA-dependent protein kinase (DNA-PK) in response to induction of a break (Fig. [1](#Fig1){ref-type="fig"}).^[@CR29],[@CR30]^ The PIKKs carry out key phosphorylation events, including the phosphorylation of histone H2AX (γH2AX), which acts as a central marker in DDR signalling. PIKK-dependent phosphorylation of Chk1/2 and p53 also mediates overall cellular responses, leading to cell-cycle arrest and the upregulation of repair factor gene expression.^[@CR31]--[@CR33]^ The recruitment of MDC1, another PIKK substrate, to γH2AX facilitates the recruitment of the E3 ubiquitin ligases, such as RNF8 and RNF168, which then mediate polyubiquitylation of the H1-linker histone and H2A.^[@CR34]--[@CR36]^ P53-binding protein 1 (53BP1) is then recruited to ubiquitin modifications on H2A. The retention of 53BP1 at the break then facilitates NHEJ; however, 53BP1 can be removed from the break site by BRCA1--CtIP binding to promote HR (Fig. [1](#Fig1){ref-type="fig"}).^[@CR37]--[@CR39]^Fig. 1Schematic diagram of the double-stranded break (DSB) repair cascade. Initial recognition of the break recruits the phosphatidylinositol 3-kinase-like kinases (PIKKs), resulting in its activation by autophosphorylation. Activated PIKKs then phosphorylates early participants of the cascade, H2AX and MDC1. The ubiquitin ligase RNF8 recognises and is recruited to phosphorylated MDC1 at the break site, initiating the ubiquitylation of histone H1, which subsequently recruits RNF168 to ubiquitylate H2A. The modified chromatin acts as a marker for the competitive recruitment of either 53BP1 or BRCA1, which facilitate either non-homologous end-joining (NHEJ) or homologous recombination (HR), respectively. NHEJ repair is dependent on the recruitment of the DNA--PK complex (Ku70--80 bound to DNA--PKcs) and end-processing factors such as XRCC4 and Lig4. HR is dependent on resection of the broken DNA to produce a single-stranded DNA overhang that gets coated in a RAD51 filament and invades the sister-chromatid to facilitate templated repair.

NHEJ occurs via binding of the Ku70--80 heterodimer, which sequesters the broken DNA ends and recruits factors, such as DNA-dependent protein kinase catalytic subunit (DNA-PKcs), XRCC4, Ligase IV and Artemis, that process and ligate the ends to resolve the break.^[@CR40]--[@CR42]^ DSB end-processing during NHEJ involves multiple processes, such as phosphorylation and short-range resection of broken DNA in the 5′--3′direction to provide a single-stranded DNA (ssDNA) overhang. NHEJ provides a mechanism that rapidly repairs DSBs and can occur during any phase of the cell cycle. However, the lack of any fidelity checks means that NHEJ is prone to the insertion or deletion of bases -- indels -- and translocations.^[@CR2],[@CR10]^ By contrast, HR requires the long-range resection ssDNA overhangs up to kilobases from the break. This ssDNA gets coated in a RAD51 protein filament to allow the invasion of the ssDNA overhang into the double-stranded sister-chromatid (Fig. [1](#Fig1){ref-type="fig"}).^[@CR43]^ The sister-chromatid is used as a template to re-polymerise the resected strand ready for ligation, thereby preventing any loss of information or illegitimate ligation of different DSB ends. The balance between the fast NHEJ and the high-fidelity HR responses to DSBs creates a symbiotic relationship between the two pathways, which provides robust genomic repair.

Defects in components of the DDR pathway can lead to the rapid accumulation of genomic instability, consequently promoting cancer development and progression; mutations in genes that encode DSB repair factors are therefore common in cancer cells.^[@CR3],[@CR5],[@CR6]^ This is highlighted by the association of cancer-prone syndromes with the inheritance of defective DSB repair genes, such as BRCA1/2 and ATM/ATR.^[@CR44]--[@CR47]^ However, DDR pathway components can also be therapeutically targeted in an attempt to induce damage and death in cancer cells via chemotherapeutics that induce DSBs, such as cisplatin,^[@CR48],[@CR49]^ as well as targeted therapeutics such as Olaparib.^[@CR50],[@CR51]^ Olaparib inhibits the poly-ADP ribose polymerase (PARP) family of proteins, including the DNA repair enzyme, PARP1, and is used to treat patients with BRCA1/2 mutations whose cells are more reliant on PARP1 for DNA repair.^[@CR50],[@CR51]^

RNA-interacting enzymes in the repair of DNA damage {#Sec3}
===================================================

Our understanding of the contribution of RNA to the DDR and genome maintenance is expanding rapidly with well-known RNA-binding/processing enzymes being identified as novel players in these processes.^[@CR11],[@CR13],[@CR16],[@CR52],[@CR53]^ Canonical components of microRNA (miRNA) biogenesis, splicing and transcriptional regulation machineries have been shown to have a variety of critical roles in the repair of DNA damage.^[@CR11],[@CR13],[@CR15],[@CR17],[@CR18],[@CR52],[@CR54]--[@CR58]^ In addition, a number of well-studied DNA repair proteins have been identified to have RNA-binding motifs and to interact with RNA-processing enzymes in a manner that facilitates DNA repair.^[@CR55],[@CR58],[@CR59]^

Components of miRNA biogenesis, splicing and transcriptional regulation in the DDR {#Sec4}
----------------------------------------------------------------------------------

The RNA endonucleases Drosha and DICER are core components of the miRNA biogenesis machinery, but have been shown to be required for propagation of the DDR.^[@CR12],[@CR13],[@CR17]^ Depletion of Drosha and DICER results in deficient recruitment of repair factors to the damaged site and reporter assays show a significant reduction in both HR and NHEJ repair efficiency, comparable with that seen after BRCA1 and 53BP1 depletion, respectively.^[@CR12],[@CR17]^ This role in the DDR is distinct from Drosha and Dicer's roles in miRNA biogenesis, as the depletion of other factors in this biogenic pathway does not significantly hinder DNA repair.^[@CR13],[@CR17]^ Immunofluorescence studies found that Drosha acts at the DDR ubiquitin cascade, as Drosha depletion significantly hindered the recruitment of factors from RNF168 onwards and impaired damage-induced ubiquitylation.^[@CR17]^ In addition, Drosha has been shown to localise to break sites, and to be required for processing of RNA in response to DSBs to generate DNA*--*RNA hybrids around the damaged loci.^[@CR12]--[@CR14],[@CR17]^

RNA-splicing factors such as NONO and THRAP3^[@CR55],[@CR56]^ have also been implicated in DNA repair and might represent a sub-family of RNA-processing proteins involved in the DDR.^[@CR55],[@CR56],[@CR60]^ In addition, research from the Farnebo lab has identified WRAP53β, the small Cajal body-specific RNA (scaRNA)-regulating protein, as being essential for DDR signalling.^[@CR60],[@CR61]^ Similar to the phenotype shown following Drosha depletion, recruitment of repair factors from RNF8 in the DDR ubiquitin cascade onwards is abrogated following WRAP53β depletion, while upstream factor recruitment remains unperturbed.^[@CR17],[@CR61]^ With growing evidence that the DDR ubiquitin cascade is a complex and critical signalling step of histone modifications,^[@CR34],[@CR62]^ this could represent a central point for DDR co-ordination directed by RNA-related processes.

Numerous members of the DEAD-box helicase family, including DHX9, DDX1 and Senataxin, comprise yet another growing sub-family of RNA-processing proteins implicated in DNA repair.^[@CR11],[@CR15],[@CR52]^ DEAD-box proteins traditionally unwind RNA, although some have been identified to also unwind DNA and DNA*--*RNA hybrids, or R-loops.^[@CR63],[@CR64]^ DDX1 is phosphorylated by ATM and co-localises with γH2AX rapidly in response to irradiation to facilitate HR.^[@CR11],[@CR65],[@CR66]^ DHX9 interacts directly with PARP1 and is required for the formation of R-loops.^[@CR58],[@CR67]^ Both DHX9 and Senataxin have been shown to reduce chromosomal instability and promote cell survival.^[@CR15],[@CR18],[@CR58]^ Senataxin was suggested to facilitate HR, but not NHEJ, and was found to suppress DSB-induced translocation events.^[@CR18]^ Importantly, all of these DEAD-box helicases have been shown to directly interact with R-loops, which have recently been shown to be generated around break sites and are currently thought to play a pivotal role in the repair process.^[@CR17],[@CR18],[@CR68]--[@CR71]^

These gene families are not an exhaustive list of RNA-interacting proteins involved in the DDR. On the contrary, several other groups of proteins have also been implicated: exosome complex-associated proteins, including EXOSC10^[@CR16],[@CR72]^ and RBM7,^[@CR73]^ and intrinsically disordered proteins, such as RBM14^[@CR74]^ and the FET family (FUS, EWS, TAF15).^[@CR75]--[@CR77]^ These intrinsically disordered proteins are characterised by disordered Gly-Arg-Rich (GAR) regions known as RGG boxes.^[@CR78]^ Despite this similarity, they have a diverse range of biological functions related to RNA processes, and appear to act in a transcription-coupled manner to facilitate DNA repair.^[@CR77],[@CR79]^

The proteomic scale of RNA-interacting proteins involved in the DDR {#Sec5}
-------------------------------------------------------------------

Numerous studies have used proteomic approaches to identify novel factors involved in DNA damage,^[@CR21],[@CR22],[@CR77],[@CR80]--[@CR86]^ often uncovering an abundance of RNA-interacting proteins associated with DNA repair. However, this group of proteins has not been examined in depth, and integrating these studies could uncover novel aspects of the DDR. To gain a wide perspective on the proteins involved in the damage response, we aggregated a number of studies that utilised a variety of different techniques -- a general mass-spectrometry approach to identify proteins associated with damaged chromatin,^[@CR80]^ a screen of tagged proteins for co-localisation with γH2AX in response to UV micro-irradiation^[@CR77]^ and an invitro-based experiment to investigate interactors of replication protein A (RPA)-coated ssDNA^[@CR81]^ -- each therefore identifying a slightly different subset of DDR factors. Gene ontology analysis on the resulting group of DNA-damage-associated proteins showed that RNA-interacting gene groups were significantly enriched for among the proteins identified, with the top five gene groups all having roles in transcription and transcript processing (Fig. [2a](#Fig2){ref-type="fig"}). In parallel, to take a broader view on protein modifications in relation to the DDR, we integrated studies which examined ubiquitylation,^[@CR84]^ phosphorylation^[@CR85]^ or polyADP-ribosylation (PARylation)^[@CR82]^ changes in response to DNA damage. Again, gene ontology analysis identified various RNA-related gene groups as being significantly enriched for (Fig. [2b](#Fig2){ref-type="fig"}). RNA-related genes appear to dominate the most enriched groups and have a more significant enrichment than many DNA/chromatin-related groups. Additionally, in a previous investigation of the RNA-binding proteome, it was noted that several DNA repair factors were found to significantly interact with non-poly(A) RNA; 53BP1 was identified as one of the strongest non-poly(A) RNA interactors in the human proteome.^[@CR87]^ By comparing this RNA interactome with the previously defined groups of chromatin-recruited factors (Fig. [2a](#Fig2){ref-type="fig"}) and post-translationally modified (Fig. [2b](#Fig2){ref-type="fig"}) proteins, we observed that 54% of proteins recruited to damaged chromatin and 39% of proteins modified in response to damage are RNA-binding proteins (Fig. [2c](#Fig2){ref-type="fig"}). This not only reinforces the gene ontology results for these groups, but also highlights RNA-binding as a key feature among canonical DNA repair factors.Fig. 2Meta-analysis of proteomic studies into DNA-damage-dependent changes. Venn diagram (left) shows the significant hits shared by each of the studies. Gene ontology slim biological process enrichment analysis (right) shows which gene groups are enriched in the combined list of significant hits from all experiments; the bars represent the fold enrichment of each group. **a** Three studies that investigated proteins that localise/bind to damaged chromatin: association with chromatin in response to UV damage;^[@CR80]^ co-localisation with γH2AX upon laser micro-irradiation;^[@CR77]^ and in vitro association with an RPA-ssDNA construct.^[@CR81]^ **b** Three studies that investigated post-translational modification changes in response to damage: ubiquitylation changes in response to UV damage;^[@CR84]^ PARylation changes in response to a variety of genotoxic agents;^[@CR82]^ and phosphorylation changes up to 1 h post 6 Gy of radiation.^[@CR85]^ **c** Dataset overlap of the combined studies from (**a**) and the combined studies from (**b**) with the RNA interactome.^[@CR87]^

This meta-analysis underscores the substantial and fundamental importance of RNA-interacting proteins in the DDR, and suggests that a wide variety of RNA-processing enzymes are not only recruited to damaged chromatin, but are also modified in a number of ways in response to DNA damage, indicating that these are targeted changes directed by the DDR to co-ordinate the repair outcome. These results also suggest that the DDR-interacting, RNA-processing enzymes previously discussed represent only a small fraction of those involved in the pathway, and that the mechanisms of RDDR might be far more complex than currently understood.

Proposed roles for RNA-interacting enzymes in the DDR {#Sec6}
-----------------------------------------------------

A substantial amount of data clearly implicates a broad group of RNA-processing enzymes in DNA repair. In addition, multiple proteins, including Drosha and WRAP53β, have been shown to control ubiquitin signalling at DSBs, suggesting that they act via a common mechanism; however, our current understanding of the molecular basis of their actions is limited.^[@CR17],[@CR53],[@CR61]^ Given that many of these proteins are involved in the regulation of gene expression, it is tempting to postulate that they might regulate the expression of canonical DNA repair factors in response to damage. However, this mode of action is insufficient to explain the rapid responses of these proteins and their localisation to sites of DNA damage, and the lack of a role for other proteins that are involved in the same RNA-processing pathways. For example, the *TNRC6* gene family is required for miRNA-mediated gene silencing, but does not have a role in DNA repair.^[@CR13],[@CR17]^ Instead, it would implicate a mechanism orchestrated by RNA-processing enzymes that acts at a pivotal point in the repair process. There is still a need for further mechanistic insight into how this process works, but R-loops appear to comprise a core component.

Transcripts are required for the DDR {#Sec7}
====================================

In light of the significant contributions observed by various RNA-processing enzymes from such a broad range of pathways, it is perhaps not surprising that RNA itself is now also strongly implicated in the repair of DNA damage.^[@CR13],[@CR17],[@CR68]--[@CR70],[@CR88]^ Of the enzymes discussed previously, many have been suggested to act via an RNA intermediate at the break site, rather than directly influencing DNA processing/recruitment of repair factors. This then begs the questions: what is the nature of these RNA molecules and what is their role at the break site?

To assess the contribution of cellular RNA to repair factor recruitment, a number of laboratories have used RNase treatment of cells followed by immunofluorescence of repair factors. Treating cells with RNase A as soon as 20 min after irradiation significantly impaired 53BP1 focus formation, while the formation of γH2AX foci was unperturbed. This phenotype can then be reverted by incubation of cells treated with RNase A with nuclear RNA extracted from other cells.^[@CR13],[@CR89]^ This result suggests a direct role for RNA in the recruitment of downstream repair factors, similar to that observed in the studies of various RNA-processing enzymes.^[@CR13],[@CR17],[@CR18],[@CR61],[@CR65]^ At this point, it is possible to propose a mechanism of action for these repair proteins, in which they process an RNA precursor into an active form, DNA-damage response RNA (DDRNA), which then has a role in facilitating efficient repair.^[@CR13],[@CR14]^

Another technique being employed to examine the role of RNA in the response to DNA damage is the use of transcription inhibitors, such as α-amanitin and 5,6-dichlorobenzimidazole 1-β-[D]{.smallcaps}-ribofuranoside (DRB), alongside damage induction to observe the effect on repair factor recruitment.^[@CR13],[@CR68],[@CR70],[@CR90]^ To prevent compensatory alterations in gene expression from confounding these experiments, inhibition of transcription is often done for short periods of time prior to damage induction. Inhibition of transcription reduces the recruitment of NHEJ- and HR-specific factors, suggesting a direct role for transcription in their recruitment.^[@CR13],[@CR68]^ In addition, the reformation of repair foci following the addition of exogenous nuclear RNA described above was shown to be dependent on transcription, implicating nascent transcripts in this mechanism.^[@CR13]^

R-Loops: Friend not foe? {#Sec8}
========================

Although experimental approaches using RNase treatments and transcription inhibitors have proved useful in demonstrating a role for RNA in the DDR, they do not identify the species of RNA involved. Many types of RNA exist within cells, each of which serves different functions and interacts with different cellular components, and therefore the nature of the RNA involved in the repair process will be critical to the mechanism. Given the strong interaction between RNA-processing enzymes and R-loops,^[@CR58]^ and the fact that DNA*--*RNA hybrids directly connect RNA- and DNA-related processes, the contribution of these RNA species to DNA repair is now being extensively investigated.^[@CR17],[@CR18],[@CR59],[@CR71]^ The generation of R-loops is tightly linked to active transcription by RNA polymerases, due to the physical proximity of single-stranded DNA to complementary RNA (Fig. [3](#Fig3){ref-type="fig"}). Until recently, R-loops were considered to be a source of genome instability due to the increased risk of replication fork collapse, and exposure of the single-stranded non-template DNA to damaging agents.^[@CR91]--[@CR94]^ However, R-loops have been shown to not directly cause genome instability^[@CR95]^ and are now being increasingly implicated in the repair of DNA damage and the preservation of genome stability.^[@CR17],[@CR68],[@CR96]^Fig. 3Structure of R-loops and their formation behind RNA polymerases. Partially unannealed double-stranded DNA allows complimentary single-stranded RNA to anneal to one of the free DNA strands. This often occurs behind transcription bubbles, due to the DNA being in an unwound state with the complimentary RNA being actively synthesised and therefore held in close proximity to the DNA.

Investigating R-loops and R-loop-interacting proteins {#Sec9}
-----------------------------------------------------

RNase H selectively degrades the RNA component of an R-loop and is therefore a powerful tool in the investigation of these structures. Overexpression of RNase H has been shown to significantly reduce both HR and NHEJ efficiency and to delay repair progression via cell-based reporter assays,^[@CR17]^ while immunofluorescence studies have shown that RNase H overexpression impairs repair factor recruitment in response to DNA damage.^[@CR68],[@CR71],[@CR97],[@CR98]^ In addition, co-localisation studies using a fluorescently tagged mutant RNase H that binds to, but does not digest, R-loops has shown rapid relocation to sites of DNA damage, suggesting the formation of R-loops.^[@CR17],[@CR75]^ These results indicate that R-loops are generated at break sites to facilitate DDR signal propagation.

The use of RNase H is still a relatively indirect method of investigating R-loops. A more direct and quantitative method is the use of the S9.6 antibody, which has high specificity for DNA*--*RNA hybrids. S9.6 can be used to immunoprecipitate R-loops and has been used in both deep-sequencing (DRIP-Seq) and interactome studies to identify R-loop-binding proteins within the proteome.^[@CR17],[@CR18],[@CR58]^ DRIP-Seq studies using inducible DSB cell systems found that R-loops are generated around endogenous DSBs early on during the repair process. Transcription is thought to be shut down in response to DSBs^[@CR99]--[@CR102]^ and since canonical R-loops form behind transcription bubbles, in theory, this should reduce the formation of R-loops at break sites. Consistent with this, R-loop levels are reduced across coding regions in response to breaks; however, in close proximity to the breaks, R-loops were generated in response to damage in a manner dependent on transcriptional activity of the locus.^[@CR17],[@CR18]^

The appearance of these R-loops was also found to be dependent on Drosha and their removal dependent on Senataxin, consistent with previous reports identifying DDRNAs as products of Drosha and DICER.^[@CR13],[@CR17]^ These findings suggest that not only is RNA acting directly at the break site, in the form of R-loops, but that RNA-processing enzymes might be acting to facilitate the generation, and possibly also the removal, of these structures in response to damage. This provides invaluable insight into the mechanisms at work here and allows us to begin to paint a picture of how this fascinating pathway functions. Interestingly, an S9.6 interactome study identified both DHX9 and DDX1 as being among the strongest interactors of R-loops along with multiple other RNA-binding proteins that have been implicated in DNA repair.^[@CR92],[@CR103]--[@CR105]^ Most notable, however, is the identification of DNA-PK and PARP1 as significant R-loop interactors, both of which are core components of the DDR; their knockdown also resulted in significant alterations to global R-loop levels.^[@CR58]^ This association of R-loops with canonical DNA repair factors not only implicates R-loops further in DNA repair, but also suggests that these structures might contribute to canonical DNA repair processes, rather than simply being a part of a distinct RDDR pathway.

DNA*--*RNA hybrids and canonical DNA repair {#Sec10}
-------------------------------------------

Other canonical DDR factors have also been implicated in processes related to RDDR. RAD52 is required for the assembly of the RAD51 filament around resected ssDNA during HR and is recruited to sites of damage in a manner dependent on transcriptional activity in neuronal cells.^[@CR68]^ In vitro assays found that RAD52 binds DNA*--*RNA hybrids and single-stranded RNA (ssRNA) as well as double-stranded DNA (dsDNA) and ssDNA. In addition, Mazina et al.^[@CR59]^ have characterised an additional function of RAD52 in inverse strand exchange between dsDNA and ssRNA. This process allows the formation of a DNA*--*RNA hybrid via the exchange of one of the dsDNA strands with ssRNA and has been shown to facilitate RDDR in yeast cells.^[@CR59],[@CR68]^ In addition, RAD52 was shown to facilitate transcription-associated homologous recombination repair via the processing of R-loops at DSBs.^[@CR106]^ More recently, BRCA1 and the BRCA1--BARD1 heteroduplex was shown to interact with hybrids, while BRCA2 recruits RNase H2 to facilitate hybrid removal at break sites.^[@CR71]^ These experiments provide direct evidence of canonical DDR factors not only interacting with R-loops, but also being able to enzymatically utilise RNA in the same way as DNA. Combined with the loss of the recruitment of repair factors upon depletion of RNA-processing enzymes, this suggests that RNA and RNA-processing enzymes co-operate with canonical DNA repair factors to facilitate repair, and that the process of RDDR is strongly linked to canonical DNA repair.

Although some studies on R-loops use RNase-H as a tool for their investigation, most of the data discussed here utilised the S9.6 antibody. This is problematic, as any potential biases from this antibody could skew the results of these experiments. Whereas in vitro experiments found S9.6 to be highly specific towards DNA*--*RNA hybrids,^[@CR107]^ further investigations have shown that the antibody also exhibits significant affinity towards double-stranded RNA^[@CR108]^ and variable affinity towards different R-loop sequences.^[@CR109]^ Off-target binding of S9.6 could therefore be a potential pitfall of these experiments, especially given the complex nucleic acid structures formed during DSB repair.^[@CR110]^ RNase-H treated samples act as an effective negative control for these experiments; however, these results are not always published. The use of RNase-H in laser micro-irradiation and immunofluorescence experiments does support the formation of R-loops at DSBs; however, much of the data regarding their profile across break sites, protein interactions and dependence on transcriptional activity is dependent on the S9.6 antibody. Thus, although there is convincing evidence for the formation of R-loops at sites of DNA damage, some of these data should be viewed with caution.

In search of the origin of RNA involved in DNA repair {#Sec11}
=====================================================

There are two prevailing theories for the origin of RNA involved in DNA repair: transcription events that occur after break induction and produce RNA from the broken DNA; or the utilisation of a transcript produced prior to break induction that remains in the vicinity of the break. Both theories have extensive supporting evidence, however, identifying the RNA experimentally is challenging as it is difficult to distinguish from background RNA, especially at highly transcribed loci.

Damage-induced transcription {#Sec12}
----------------------------

Upon DSB, the surrounding chromatin gets remodelled via modifications, which causes it to decondense and thereby facilitates the recruitment of repair factors and processing of the DNA. Notably, this chromatin state resembles that of transcriptionally active loci and even harbours some of the same histone modifications.^[@CR111]^ Until recently, it was thought that all transcription around DSB sites is shut down to prevent transcription over broken DNA thus to avoid collisions/interference of the transcriptional and repair machineries.^[@CR99]--[@CR101],[@CR112]^ However, it has been hypothesised that this similarity in chromatin conformation between DSB sites and transcriptionally active loci allows the recruitment of RNA polymerase at broken DNA ends and the bi-directional transcription of damage-induced long non-coding RNAs (dilncRNAs).^[@CR12],[@CR14],[@CR69],[@CR113]--[@CR115]^ A recent study has shown that, whereas promoter proximal transcription was silenced upon DSB induction, this was then followed by DSB-induced transcription events that occur from the region of the broken DNA ends.^[@CR102]^ This suggests that dilncRNA transcription at DSBs may be independent of promoter activity, and is instead a distinct mechanism of transcriptional induction regulated by the DDR. It has also been corroborated in multiple organisms that Drosha- and DICER-like enzymes can then digest these dilncRNAs into mature DDRNAs via a mechanism dependent on the transcriptional activity of the damaged locus (Fig. [4](#Fig4){ref-type="fig"}).^[@CR12],[@CR69],[@CR115]^ These DDRNAs could then be used for targeted degradation of potentially damaged mRNAs, a mechanism that would explain the strong dependence of these small RNAs on RNA-interference enzymes.^[@CR12],[@CR14],[@CR90],[@CR113],[@CR116]^ However, an mRNA silencing mechanism would not explain the dependence of the DDR on these enzymes, since removing these transcripts would not impact the recruitment of repair factors to damage sites or effect repair efficiency. dilncRNAs and DDRNAs have now been shown to form R-loops at break sites,^[@CR71],[@CR115]^ and it has also been suggested that DDRNA can be used as a sequence-specific signal for downstream DDR events (Fig. [4](#Fig4){ref-type="fig"}).^[@CR69],[@CR115],[@CR117]^ With RNA-processing enzymes commonly functioning in the ubiquitin cascade of the DDR, it could be that DDRNA is not only used as a sequence-specific target for factor recruitment, but also to aid the chromatin remodelling events that occur at this point in the response. R-loops have already been implicated in controlling chromatin conformation, and have even been shown to recruit chromatin-regulatory complexes that are involved in DSB repair.^[@CR118]--[@CR120]^ This hypothesis provides a well-rounded explanation for the involvement of RNA in the DDR by linking the canonical roles of implicated enzymes with the RNA-related phenotype. However, the evidence for damage-induced transcription is based on the use of highly expressed reporter systems or break sites flanked by repetitive sequences, which have previously been suggested to confound the results.^[@CR12],[@CR14],[@CR69],[@CR114],[@CR116]^ In addition, RNA sequencing and a variety of next-generation transcription profiling techniques using inducible DSB systems have failed to identify nascent, bi-directional transcription around endogenous break sites in mammalian cells,^[@CR14],[@CR17],[@CR114]^ and only recent data have suggested that this scenario might occur at endogenous mammalian loci.^[@CR115]^ Further research using more endogenous methods is therefore required to support this theory, and to provide a more detailed mechanism for this complex series of events.Fig. 4Schematic model of the possible mechanisms of RNA-dependent DNA repair (RDDR). Repair is initiated in the same way as canonical double-stranded break (DSB) repair; however, at the point of the ubiquitylation cascade, an RNA production/processing step occurs, which produces DDRNAs. This DDRNA either takes the form of small RNA, which could hybridise to the broken DNA via the aid of helicases such as DDX1 and DHX9, or of a long RNA molecule, which could bridge the break by hybridising to the DNA via a RAD52-dependent strand invasion mechanism. Either the small RNA acts as a sequence-specific signal and allows propagation of canonical DSB repair pathways, or the long RNA molecule is used as a template for high-fidelity repair.

Pre-DSB transcribed nascent mRNA {#Sec13}
--------------------------------

An alternative theory for the involvement of RNA in the DDR is the possibility that a transcript produced prior to damage induction is processed and incorporated into the repair process in response to DSBs. This has been demonstrated to occur in yeast in an NHEJ-dependent manner using a plasmid reporter, and a recombination-based repair mechanism using RNA was also shown to be dependent on RAD52.^[@CR70],[@CR88],[@CR90]^ This theory has gained popularity as a transcript produced prior to the DSB has the potential to maintain the fidelity of the repair by acting as a template for repair.

The possible mechanism of RNA-templated repair is based on enzymes processing transcripts produced prior to break induction to facilitate their hybridisation with the broken DNA, forming an R-loop that can be used as a template.^[@CR17],[@CR59],[@CR68],[@CR88],[@CR121]^ This mechanism would in principle be similar to HR, but importantly could be utilised throughout the cell cycle (Fig. [4](#Fig4){ref-type="fig"}). RNA-templated DSB repair has previously been characterised in yeast cells via a mechanism dependent on RAD52 and has been suggested to occur in terminally differentiated mammalian cells.^[@CR68],[@CR88]^ Furthermore, previous research has indicated that transcriptionally active loci are preferentially targeted for templated repair^[@CR101]^ and, with R-loop generation and the recruitment of RNA-processing enzymes being dependent on transcriptional activity of the loci, it is possible that these phenotypes both occur as a result of the increased levels of potential template RNA in the local environment of highly transcribed genomic regions. RNA-templated repair could therefore provide a direct mechanism to explain how highly transcribed sites have increased rates of repair factor recruitment and templated repair, acting as a safeguarding mechanism for the transcribed, and therefore most active, regions of the genome.

Interestingly, Biehs et al.^[@CR122]^ found that NHEJ can occur through a resection-dependent mechanism during the G1-phase of the cell cycle that is dependent on a cohort of HR-related factors such as MRE11, CtIP and BRCA1. This was speculated to be an RNA-templated repair mechanism that utilises NHEJ machinery for a rapid response to the break, but in which recruitment of an RNA template initiates a resection-dependent templated repair facilitated by HR-related machinery.^[@CR123]^ This crossover of factors from both NHEJ and HR is also consistent with the loss of recruitment of factors for both pathways upon knockdown of RNA-processing enzymes.^[@CR17],[@CR59]^ An RNA-templated repair mechanism has also been proposed as the method for high-fidelity DSB repair in terminally differentiated cells, especially considering that cells such as neurons are not rapidly replaced and will therefore accumulate mutations over time.^[@CR68],[@CR90]^

One problem associated with this model, though, is the lack of a mammalian RNA-dependent DNA polymerase other than telomerase; however, there is evidence that DNA replication polymerases, such as polymerases α and δ, can function in this capacity.^[@CR88],[@CR121]^ As it stands, the current data do not provide direct evidence for RNA-templated repair, and this phenomenon is yet to be shown to occur in mammalian cells.^[@CR68],[@CR70],[@CR88]^ In addition, it has recently been suggested that R-loops form at DSBs independent of transcriptional activity, instead suggesting damage-induced transcription generates the RNA component of these R-loops.^[@CR71]^ Significant breakthroughs that demonstrate this mechanism in mammalian cells and that link together the observed phenotypes of G1-phase resection-dependent repair and the seemingly critical role of RAD52 are therefore still required.

A place for both mechanisms {#Sec14}
---------------------------

Both damage-induced transcription and RNA-templated repair provide interesting and logical explanations for the observations made in the discussed studies, and it is, in fact, possible that both mechanisms exist. They might serve separate functions within the DDR, as damaged-induced transcription could provide an early signalling response and a gene-silencing mechanism, whereas RNA-templated repair would act as a downstream pathway similar to NHEJ and HR. However, these are simply two theories for RDDR based on our current knowledge and understanding. Given the importance of RNA in many other processes, it is not unlikely that the role of RNA in the DDR is multifactorial and that RNA acts at multiple points within the pathway to fine-tune the repair process. Although we have focused on DSB repair here, there is also substantial evidence implicating RNA in other branches of DNA repair, such as nucleotide excision repair and the UV response.^[@CR86],[@CR124],[@CR125]^ It is likely that there are further roles for RNA in the DDR that currently remain unexplored, especially given the prevalence of RNA-interacting proteins in proteomic studies of the DDR (Fig. [2](#Fig2){ref-type="fig"}).

Implications for cancer research {#Sec15}
================================

We have discussed here the evidence that RNA is a vital component of the DDR and that it is required to maintain the fidelity of repair. The issue of how transcriptional landscapes influence DNA repair still needs further investigation, especially given the dynamic nature of the cellular RNA repertoire. This presents many possibilities with regards to how altered cellular conditions, differentiation states and even extracellular signals can influence DNA repair through RNA landscape changes. Moreover, RNA expression is grossly altered in cancer cells.^[@CR126],[@CR127]^ Hyper-transcription leads to highly varied levels of mRNA, miRNA and lncRNA, which vary drastically even between cells from the same cancer subtype due to their heterogeneity.^[@CR128]^ In addition, cancer cells display extremely high levels of DNA damage from processes such as increased rates of transcription and replication.^[@CR129]^ Given the substantial role of the DDR in carcinogenesis, further understanding the contribution of RNA to the DDR is essential. Theoretically, mutations in components of RDDR could result in an increased mutation rate, thereby promoting carcinogenesis and cancer progression. Mutations in these repair factors could be linked to altered prognosis, such as reduced survival or resistance to certain therapeutic strategies, and therefore could provide potential prognostic markers aiding our ability to treat patients.^[@CR130]^

Alternatively, RDDR could act as a critical mechanism that prevents the accumulation of toxic levels of genome instability and mutations in highly expressed genes that are essential for cancer cell survival. Accordingly, further investigation could reveal a host of novel targets for selective therapies that hinder RDDR, resulting in a build-up of mutations at these highly expressed loci that cannot be tolerated by the transformed cells. The possibilities for cancer biology in general are also interesting, as one could imagine an auto-feedback loop of damage and repair at highly expressed gene loci: high levels of transcription would be correlated with higher rates of DSBs, the repair of which can introduce mutations that further increase transcription rates. This feedback loop would be enhanced by mutations in the RDDR machinery and could greatly enhance cancer cell progression. Of course, these are just a few intriguing possibilities and a far deeper understanding of the mechanisms involved here is required to support them.

Closing remarks {#Sec16}
===============

It is becoming clear that RNA contributes to the repair of DSBs via a direct mechanism that is distinct from its role in mediating the expression of DNA repair factors. A broad range of enzymes is required to process RNA in response to DSB induction to facilitate the formation of R-loops at break sites, which are key for the progression of the DDR and probably serve multiple roles. Furthermore, multiple canonical DSB repair factors, including RAD52, PARP1, DNA-PK, BRCA1 and 53BP1, interact with RNA and DNA*--*RNA hybrids.^[@CR58],[@CR59],[@CR131]^ The discovery of a repair mechanism that occurs in the G1-phase of the cell cycle and that utilises factors from both HR and NHEJ repair pathways is consistent with phenotypic data for RDDR, such as immunofluorescence^[@CR17],[@CR61]^ and DRIP-seq,^[@CR17]^ and suggests that RNA is a critical molecule in canonical DSB repair pathways.

When viewing RNA as part of the process of DNA repair, it is common to perceive it as an 'optional extra'. However, if we consider the possibility of an RNA world,^[@CR132],[@CR133]^ in which life originally evolved from RNA molecules, it becomes almost obvious that RNA would be closely entwined in DNA repair from its conception.^[@CR134]^ Assuming that DNA evolved from RNA as a stable storage platform for genetic information, RNA could have been required for repair as the original source of genetic information in conjunction with its vital contribution to catalytic processes. Finally, in the burgeoning field of RNA therapeutics^[@CR23],[@CR24]^ it is important to consider how RNA is involved in the repair of DNA. This will allow us to avoid possible issues with RNA therapeutics, such as off-target interactions with DNA repair processes, and, more excitingly, potentially harness the activities of the RDDR in cancer cells to develop novel RNA therapeutic strategies.
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